We used a photopolymer consisting of urethane acrylate monomer and free-radical-type initiators as a media for recording two-photon-excited ͑TPE͒ focal spots in three dimensions. Mathematically, the initiator plays a role of ''kͱ '' operator, transforming the quadratic light intensity distribution to a linear radical concentration distribution. Then, the monomer acts as a three-dimensional ͑3D͒ ''film,'' fixing the focal volume where radical concentration is above a threshold as a voxel. An ascending scan method was utilized to avoid substrate truncation and to achieve isolated complete 3D voxels, from which accurate forms of TPE focus were obtained. The 3D photographing technology led to a clear explanation of the origin of pronounced contradictions in reported spatial resolutions, and would be critical for laser precision microfabrication in various materials.
A focal point was originally defined in ray optics as a geometrical point at which parallel light rays, incident on a lens ͑or mirror͒, were focused after refracting ͑or reflecting͒. Further treatment involved diffractions at an aperture, 1 on which primary imaging theories were established. However, recent progress in multidimensional microscopy, 2,3 precision laser microfabrication, 4 -9 and three-dimensional ͑3D͒ optical memory 10 relies on utilizing intense ultrashort laser pulses to launch two/multiphoton absorption 11 and pursuing subdiffraction-limit accuracy. Laser microfabrication with spatial resolution three times smaller than the diffraction limit has been recently demonstrated. 12 Apparently, it is no more appropriate to consider the focus as a geometric point. Particularly, laser microfabrication is known to be superior to conventional methods like lithography in its intrinsic 3D manufacturing capability, [12] [13] [14] so it is desired to systematically study the properties of the focal spot related to two/ multiphoton absorption, not only its lateral dimensions, but also the longitudinal one.
The linear light intensity distribution near the focus had been theoretically investigated by Lommel and Struve. 1 Their method can be approximately applied to two/ multiphoton processes. For simplicity, we discuss hereafter only two-photon excitation ͑TPE͒ without loss of generality. To experimentally investigate the 3D TPE focal spot, one needs ͑i͒ a medium that responds directly to the square of the light intensity ͑SLI͒; and ͑ii͒ a technique that is capable of revealing the 3D features of focal spots. Direct observation of a two-photon fluorescent spot with a charge-coupleddevice camera tends to give less accurate and distorted images due to an insufficient resolving power and sometimes due to fluorescence saturation. A femtosecond time-resolved optical polarigraphy method for visualizing laser pulse propagation was recently demonstrated by Fujimoto et al., 15 from which, however, pure information on the focal spots is difficult to extract.
In this letter, we utilized photopolymerizable resin as a recording medium, of which the polymerization is triggered by the TPE process, and therefore, directly responses to the SLI. An ascending scan method was proposed to form complete and isolated voxels, the 3D image of a focal spot, from which accurate shape and size information of the TPE focal spot was obtained.
Starting from the work by Lommel, 1 we calculate the near-focus SLI contour. A complicated SLI distribution was found. At the near-focus region of the central portion of the diffraction pattern, a tubular structure of the high light intensity exists ͑Fig. 1͒. Generally, only this regularly formed volume is meaningful for microfabrication and imaging, which is the major concern of this research. Its volume can be several times larger than the diffraction limit, and theoretically could be as small as 10 nm order, limited by the polymer molecular size. Since diffraction occurs at circular apertures imposed by lenses, in the neighborhood of the focus the intensity distribution, and therefore the SLI, is rotationally symmetrical about the optical axis ͑u axis in Fig. 1͒ , and mirror symmetrical about the geometrical focal plane.
To experimentally investigate TPE focal spots, one needs a medium that quadratically responds to light excitation. The photopolymers that we previously used for [12] [13] [14] serve such a purpose. Urethane acrylate is a high molecular weight, reactive material that plays a significant role in curable coatings. They can be cured using any of several free-radical mechanisms, including electron beam, ultraviolet irradiation, and peroxide decomposition. The polymer we used consisted of a mixed urethane acrylate oligomer of molecular weights 1200 and 480 and a urethane acrylate monomer for dilution. For studying two-photon excitation, we used photoinitiators containing benzoyl chromophor, a mixture of benzoyl cyclohexanol and morpholino phenyl amino ketones, which is sensitive to ultraviolet light and immune to infrared under an illumination of mediate intensity. If we tightly focused an infrared ultrashort laser pulse to the sample, the initiators were decomposed into radicals by simultaneously absorbing two photons. The number of photons absorbed per molecule per unit time by means of TPE is proportional to the two-photon absorption cross section ␦ and to the SLI. In the current experiment, the total number of photons absorbed per unit time is also a function of initiator concentration C and excited sample volume V. In the absence of saturation and photobleaching, the number of radicals generated per unit time N is given by
where I 0 is the light intensity at the geometrical focal point, S(r,,z) is a unitless function used to describe the spatial distribution of the incident light, and is the quantum efficiency of radical yield. The shape of the TPE focal spot is determined by S 2 (r,,z). Compared with epoxy resist, acrylate monomers were polymerized at high speed, on millisecond order. Therefore, radical diffusion can be ignored. The radical distribution in this case would represent the SLI distribution. Mathematically, radicals play a role of ''kͱ '' operator, converting the square intensity to linear concentration, where k is a constant that can be deduced from Eq. ͑1͒. Physically, the monomer acts as a 3D ''film'' to fix the distribution of the radical where its concentration is higher than a threshold as a solid voxel.
To practically realize the idea formulated above, we used a laser system previously used.
12-14 780 nm, 150 fs laser pulses produced by a Ti:sapphire mode-locked laser that was operated at 76 MHz were focused by a high-NA ͑ϳ1.4͒ objective lens. The SCR 500 resin as described above was dropped on a microscopic cover-glass substrate. The sample was moved up and down along the optical axis using a piezostage.
An important issue for obtaining isolated, complete 3D voxels is substrate truncating, which caused a lot of observation errors as will be discussed later. Truncation happens when the laser is focused too near the substrate surface ͓Fig. 2͑a͔͒, while on the other hand, floating voxels would be formed and they were flushed away during developing if the laser was focused far above the substrate. To solve this problem, we used an ascending scan method ͓Fig. 2͑b͔͒, in which a series of voxels was polymerized under the same irradiation conditions but their heights above the substrate were increased spot by spot. Figure 2͑c͒ shows scanning electronic microscopic ͑SEM͒ images of the thus-produced voxels. The left voxels ͑A, B, and C͒ were partly recorded images of the focal spot. These voxels stuck to, and were erected on, the substrate, and revealed only their lateral size information, while the rightmost ones floated away ͑not shown͒. A transition state always existed between these two regions: the edge of the voxels was bordered at, and weakly adhered to, the substrate surface, and they toppled down during developing. That is the case of D, E, and F, from which both lateral, and most importantly longitudinal, information could be attained. Figure 3͑a͒ shows top-and side-view SEM images of a voxel. It resembles a spinning ellipsoid with axis length of 2aϭ3.4 m and 2bϭ1.4 m. Therefore, we can define an elongation factor ϭa/bϭ2.4. The theoretical value for a voxel of the same lateral size is, however, ϭ2.8, according to Fig. 1 , of which the deviation is very possible due to oversimplification in the model. The ellipsoid contour of focal spots arises from the nature of diffraction and cannot be pronouncedly modified by adjustment of the optical system or by lens design. However, we can achieve a near-circular cross-section ͑ϳ1͒ of the rods, for example, by an offsetreciprocating scan.
Here, the focal spot was defined as the energyconcentrated 3D volume demarcated by a series of intensity isophotes ͑Fig. 1͒, while the voxel is the primary fabricating unit. Focal spots are sometimes not truly reflected with voxels, for example, when the laser pulse energy is so high as to induce breakdown, particularly, in the case of microexplosion. In the current 3D photographing method, for a fixed optical system at a certain laser pulse energy, one can use the ascending scan method to map the focal spot layer by layer from the core center ͑a,b→0͒ to any large size that is limited by breakdown by changing the exposure time (⌬t). Figure  3͑b͒ shows an example of ⌬t-dependent voxel sizes. Since only the appearance of voxels contributes to its dimensions, even photobleaching or excitation saturation occurs at the central portion, where the intensity maximum exists, the imaging accuracy was not affected. It was observed at different laser pulse energies until the breakdown level, the longitudinal size of the voxels was always proportionally related to its lateral size, and no polymerized filaments formed. Therefore, self-focusing as observed in single-photon absorption 16, 17 did not play any significant role in the current condition of fabrication.
Data of spatial resolutions, particularly the longitudinal resolution, scattered in the literature, are quite contradictory. The underlying reason can be manifested by analyzing the substrate truncation effect ͑Fig. 4͒. First, we study the lateral voxel sizes in several cases. If the geometrical center of the focal spot (x,y,z) overlaps the substrate surface ͑always set as zϭ0͒, the voxel is half cut, e.g., case L 2 . Focusing higher than this position (0ϽzϽa), the top observation would give rise to identical lateral voxel size, 2b, which is the case of voxels A and B in Fig. 2͑c͒ and those in Ref. 12 , while if less hemisphere is exposed (ϪaϽzϽ0), any values ranging from zero to 2b would be possible. To confirm this, we polymerized a series of voxels, starting the exposure when the entire focal spot emerged into the glass substrate, then increased the focusing height level step by step. Although the exposure time and laser pulse energy were identical for each voxel, very different top-view diameters were obtained ͑the top SEM image in Fig. 4͒ . For longitudinal resolutions, the situation becomes simple, any measurement of erected voxels gave a value less than the real one ͑the right SEM image in Fig. 4͒ . We believe that most of the reported resolution measurement was performed without properly considering the truncation effect. Therefore, the measured values are more or less smaller than the actual ones. It is the substrate truncation that causes most of the measurement errors, sometimes leading to confusing conclusions.
In summary, we have used a photopolymer as a 3D film to record two-photon excited focal spots. Multiphoton absorption initiators would perform an operation of ''k ͱ n '' with a much smaller coefficient k for n-photon absorption. Accurate information on focal spots related to two-or multiphoton excitation is essential for not only photopolymerization fabrication, but also for diversified fields such as for optical memory, optical integrated circuits, and holographic recording in various materials. 
